1. Introduction {#sec1}
===============

Nanoscale zero-valent iron (nZVI) presents an attractive and, according to current knowledge, environmentally benign reduction agent for the treatment of contaminated groundwater.^[@ref1]^ Although many promising laboratory and field studies have been conducted in the past two decades, the field-scale application of this technology is limited mainly due to the low selectivity of nZVI due to reactions with natural reducible species (e.g., dissolved O~2~, NO~3~^--^, or water).^[@ref2]−[@ref5]^ For example, the selectivity of nZVI toward trichloroethylene (TCE) was reported to be as low as 3%, while the remaining 97% of available electrons was lost by iron corrosion in water.^[@ref2]^ Fast particle corrosion leads to a rapid loss of the reductive capacity and the formation of an iron (oxyhydr)oxide passivation layer.^[@ref2]−[@ref4]^

Different strategies to increase the long-term performance of nZVI were investigated. For instance, nZVI has been immobilized onto various solid porous materials^[@ref6]−[@ref9]^ and coated with organic polymers^[@ref10]−[@ref12]^ to limit particle exposure to water. These materials, however, exhibited a lowered reduction capacity and/or increased contaminant sorption to the detriment of chemical reduction that could possibly result in a decreased rate of contaminant (bio)degradation and contaminant transport to other locations, causing secondary contamination.^[@ref1]^ The doping of nZVI with a catalytic noble metal (e.g., Pd, Pt, or Ni) to increase the particle reactivity has also been widely studied.^[@ref13]−[@ref15]^ However, the superior reactivity of these materials has been found to be rapidly inhibited by natural water constituents, such as humic acids, and fast iron corrosion.^[@ref16],[@ref17]^ Another problem of bimetallic systems can be the leaching of hazardous catalytic metals, which may generate a secondary pollution to the treated water.^[@ref17]^

Over the past few years, great interest has been devoted to the chemical modification of iron materials, including nZVI, by reduced sulfur compounds (sulfidation) for environmental applications. Previous studies have shown that sulfidation can remarkably increase the reactivity of nZVI with various contaminants and, at the same time, significantly increase its selectivity.^[@ref18]−[@ref23]^ Treating nZVI with reduced sulfur species represents a technologically simple, cheap, and environmentally acceptable approach for increasing the performance of nZVI in contaminant removal.

Sulfidated nZVI (S-nZVI) particles are usually prepared via one-step or two-step solution synthesis methods (also referred to as aqueous--aqueous and aqueous--solid synthesis) that lead to different particle morphologies.^[@ref24],[@ref25]^ A one-step synthesis method consists of adding dropwise a Fe^3+^ or Fe^2+^ solution into the mixed solution of a strong reductant (typically NaBH~4~) and sulfidation agent, e.g., dithionite or Na~2~S.^[@ref19],[@ref26],[@ref27]^ This process leads to the parallel formation of Fe^0^ and FeS, resulting in a mixed-phase material.^[@ref28]^ In the two-step method, the nZVI particles are synthesized first (typically using dissolved Fe^3+^ or Fe^2+^ and NaBH~4~), then recovered, and finally transferred into a solution of the sulfidation agent (or directly sulfidated in the nZVI synthesis mixture upon the reduction of Fe^3+^ or Fe^2+^ by NaBH~4~). During this process, nZVI reacts with water, generating Fe^2+^ ions, which are then precipitated with S^2--^ ions originating from the sulfidation agent to form a FeS layer on the surface of the nZVI particles,^[@ref19],[@ref22],[@ref29]^ thus giving rise to particles with a core--shell structure. A modified two-step synthesis includes the stoichiometric addition of Fe^2+^ in the sulfidation step.^[@ref30]^ Other methods of S-ZVI synthesis were investigated, such as iron (oxyhydr)oxide reduction using gaseous SO~2~^[@ref31]^ and solid-phase synthesis by ball-milling microscale ZVI with elemental sulfur.^[@ref32]^ Of the synthetic methods mentioned, the two-step aqueous--solid synthesis is of particular interest since it enables the production of nanoscale particles with a uniform particle-size distribution that can be easily separated from the suspension.^[@ref23]^ Moreover, this approach allows for the sulfidation of nZVI materials synthesized using other methods than reduction by borohydride.

Several studies investigated the performance of S-nZVI particles prepared by the two-step aqueous--solid approach, all of them employing nZVI prepared by sodium borohydride reduction (nZVI~BH~) as a precursor material.^[@ref19]−[@ref23],[@ref29],[@ref33]^ While nZVI~BH~ is a standard in laboratory testing, it is not well suited for large-scale production for several reasons: (i) its industrial scale-up is challenging due to the many synthesis steps involved and the large volume of wastewater produced,^[@ref34]^ (ii) its production is cost-prohibitive (over \$200 kg^--1^),^[@ref34]^ and (iii) its slurry contains residual boron-containing species, which are hazardous for the environment.^[@ref35],[@ref36]^ So far, aqueous--solid S-nZVI synthesis has been conducted at iron concentrations in slurries ranging from 0.2 to 20 g L^--1^,^[@ref19]−[@ref23],[@ref29],[@ref33]^ which are well-suited for laboratory batch experiments and/or direct application of a diluted slurry into the ground. Nevertheless, more concentrated slurries would be advantageous for off-site preparation to minimize shipping costs.

Herein, we describe a novel approach to synthesize a concentrated S-nZVI slurry with a high potential for production upscaling. The presented approach consists of the aqueous sulfidation of a commercially available nZVI prepared by the thermal reduction of iron (oxyhydr)oxide precursors in a H~2~ atmosphere (S-nZVI~H2~). nZVI~H2~ can be manufactured on a large scale at lower costs compared with nZVI~BH~ (market price of \$112--\$147 kg^--1^)^[@ref37],[@ref38]^ and without boron-containing residues. Sodium sulfide was chosen as the sulfidation agent since it contains sulfur in the most reduced form, and therefore, a larger amount of zero-valent iron is likely to be maintained during sulfidation compared with other sulfur-containing chemicals, e.g., dithionite.^[@ref21]^ The specific goals of this study were to (i) prepare well-characterized S-nZVI particles with a controlled FeS shell thickness and (ii) demonstrate their high reactivity and increased selectivity toward TCE, a frequent groundwater contaminant, with an emphasis on kinetics and products of TCE reduction and iron corrosion, and the role of the sulfur to iron ratio and FeS shell thickness in TCE removal.

2. Materials and methods {#sec2}
========================

2.1. Chemicals {#sec2.1}
--------------

The commercially available NANOFER 25P nZVI particles, supplied by NANO IRON, s.r.o. (Czech Republic), were used for all experiments.^[@ref39]^ nZVI particles were stored in an airtight container under an inert atmosphere inside an Ar-filled glovebox prior to use. Sodium sulfide nonahydrate (≥98.0%, Alfa Aesar, Germany) was used as a sulfidation agent. Deoxygenated deionized (DO/DI) water prepared by purging Milli-Q purified water (Millipore Corp., Bedford, MA, USA) with N~2~ for 30 min was used in all experiments, including material synthesis. Details regarding the other chemicals used are provided in [Text S1 in the Supporting Information (SI)](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c08626/suppl_file/am0c08626_si_001.pdf).

2.2. Sulfidation of nZVI {#sec2.2}
------------------------

Sulfidated nZVI particles were prepared by treating nZVI particles in aqueous solutions of sodium sulfide in an anaerobic Ar-filled glovebox. Solutions of an appropriate concentration of Na~2~S were freshly prepared using DO/DI water ([Table S1 in the SI](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c08626/suppl_file/am0c08626_si_001.pdf)). Aliquots of individual solutions (16 mL) were added to 4 g of NANOFER 25P nZVI particles in 42 mL glass vials to yield a nZVI concentration of 242 g L^--1^ (20% w/w) and nominal S/Fe mass ratios of 0.0025, 0.01, 0.05, 0.1, and 0.25. After the addition of sodium sulfide solutions, the mixtures were immediately dispersed using a T25 ULTRA-TURRAX disperser (IKA, Staufen, Germany) at 11 000 rpm for 2 min to yield a concentrated slurry. The vials were then sealed and allowed to react for 60 min on an horizontal shaker (160 rpm) outside the anaerobic glovebox. The concentration of the residual dissolved sulfide after S-nZVI synthesis was determined using iodometric titration,^[@ref40]^ after separation of the particles with a magnet and filtration using a 0.1 μm PTFE syringe filter. A bare nZVI control sample was prepared by the same procedure using pure DO/DI water without the addition of sodium sulfide.

2.3. Material Characterization {#sec2.3}
------------------------------

All nZVI particles were characterized with a transmission electron microscope (TEM) JEOL 2100 at an electron acceleration voltage of 200 kV, which was equipped with an X-MaxN 80T SDD EDS detector (Oxford Instruments). High-resolution TEM (HR-TEM) images of individual particles were recorded with a spherical aberration corrected Titan G2 TEM (FEI), operated at 80 kV. Images were taken with a BM UltraScan CCD camera (Gatan). Energy-dispersive spectrometry (EDS) was performed in scanning (STEM) mode to obtain elemental maps with the Super-X system with four silicon drift detectors (Bruker). STEM images were taken with a HAADF detector 3000 (Fischione). The elemental mappings were performed on at least four representative images from different locations of the sample grid. Particle-size and shell-thickness distributions were evaluated using GIMP software (100 measurements were performed for each distribution).

The phase composition of nZVI samples was determined by powder X-ray diffraction (XRD) with an EMPYREAN diffractometer (PANalytical, B.V.) operating in a Bragg--Brentano geometry. The diffractometer was equipped in an iron-filtered Co *K*α radiation source, programmable divergence and diffracted beam antiscatter slits, and a PIXcel detector. The patterns were measured in a 2θ range of 5 to 105°, and the data were processed using HighScorePlus software in conjunction with PDF-4+ and ICSD databases.

The speciation of S on the surface of the particles was evaluated by X-ray photoelectron spectroscopy (XPS) with a PHI 5000 VersaProbe II XPS system (Physical Electronics, Inc., Chanhassen, MN, USA) using monochromatic Al *K*α radiation (15 kV, 50 W) and a photon energy of 1486.7 eV. The survey spectra were acquired with a pass energy of 187.850 eV and an electronvolt step of 0.8 eV, while, for the high-resolution spectra, a pass energy of 23.500 eV and an electronvolt step of 0.2 eV were used. Dual beam charge compensation was used for all measurements. All spectra were acquired in a vacuum of 1.4 × 10^--7^ Pa at room temperature (20 °C). The analyzed area on each sample was 100 μm in diameter. The spectra were evaluated with MultiPak (ULVAC-PHI, Inc.) software. All binding energy values were referenced to the aliphatic carbon peak C1s at 284.80 eV.

Iron speciation was analyzed using low-temperature (*T* = 150 K) ^57^Fe Mössbauer spectrometer (MS2007) equipped with a 50 mCi ^57^Co(Rh) source operating in a constant acceleration mode.^[@ref41],[@ref42]^ MossWinn software^[@ref43]^ was used for fitting the Mössbauer spectra. The values of the isomer shift were referred to an α-Fe foil at room temperature.

The size of the particles in suspensions diluted with Milli-Q water (final Fe conc. 1 g L^--1^) was measured using a DC24000UHR disc centrifuge (CPS Instruments, Inc., Prairieville, LA, USA) operated at a speed of 3780 rpm. The density gradient was prepared using sucrose solutions (8--24%) gravimetrically prepared by dissolving sucrose powder in DI water. The injected amount was 1.6 mL for each sucrose concentration. To protect the density gradient against water evaporation, a thin layer of dodecane was created by injecting 0.5 mL of it on top of the gradient. After the injection of sucrose solutions, an equilibration period of 20 min was applied to obtain a stable gradient. The injected sample volume was 0.1 mL. Each sample injection was preceded by injecting 0.1 mL of a PVC calibrant (particle diameter 1400 nm).

The particle hydrodynamic diameter and zeta-potential were determined with a ZetaSizer Nano instrument (Malvern Instruments, Malvern, United Kingdom). Nanoparticle suspensions were diluted to a concentration of 242 mg L^--1^ in 100 mM NaHCO~3~ (pH 8.7) and immediately analyzed in triplicate at a scattering angle of 173° with an acquisition time of 60 s.

The Brunauer--Emmett--Teller (BET) surface area and porosity were determined by nitrogen adsorption at 77.4 K up to the nitrogen saturation pressure using an Autosorb-iQ-C analyzer (Quantachrome).

Details regarding the sample preparation for individual characterizations are provided in [Text S2 in the SI](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c08626/suppl_file/am0c08626_si_001.pdf).

2.4. Geochemical Modeling {#sec2.4}
-------------------------

The precipitation of possible FeS~*x*~ mineral phases during the sulfidation treatment was modeled on the basis of the evolution of the measured pH, redox potential, and dissolved sulfide and iron species concentrations in the slurry. The evolution of the pH and redox potential relative to the standard hydrogen electrode (Eh) was monitored for 26 h in a freshly prepared suspension of S-nZVI at a nominal S/Fe mass ratio of 0.05 (Fe concentration of 242 g L^--1^ and Na~2~S initial concentration of 0.039 mol L^--1^, with a volume of 500 mL) on an orbital shaker (230 rpm). At 15 min, 1 h, 3 h, and 26 h, the concentrations of the residual dissolved sulfide and iron were determined after the separation of the particles with a magnet and filtration using a 0.1 μm PTFE syringe filter. Further details regarding the analytical methods are provided in the [Text S3 in the SI](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c08626/suppl_file/am0c08626_si_001.pdf).

The Eh--pH diagram was constructed with Geochemist's Workbench Professional 7.0 using the database minteq.dat. The same program was used to calculate saturation indices.

2.5. TCE Dechlorination Experiments {#sec2.5}
-----------------------------------

The ability of S-nZVI particles to dechlorinate TCE was tested in batch experiments conducted in 42 mL glass vials containing 20 mL of aqueous solution, with the remaining volume as headspace. The vials were capped with PTFE-lined Mininert valves (Sigma-Aldrich). The vials were spiked with 82 μL of freshly prepared S-nZVI suspensions to reach a nZVI concentration of 1 g L^--1^. Experiments were started by injecting 50 μL of a TCE stock solution in methanol (8 g L^--1^) to obtain an initial TCE concentration of 20 mg L^--1^. The reactors were placed on an horizontal shaker (125 rpm) at 22 ± 1 °C. Control experiments with bare nZVI, Na~2~S solutions only, and DO/DI water were performed in parallel. No attempt was made to adjust the pH. An aliquot (25--100 μL) of headspace gas was periodically withdrawn using a gastight syringe and analyzed using a 7890B gas chromatograph (GC) from Agilent Technologies, USA. The GC system was equipped with the following columns and detectors: (i) a 30 m Rtx-VMS capillary column (Restek, USA), followed by an electron capture detector (ECD) for the detection of TCE and dichloroethene isomers; (ii) a 30 m Rt-Q-BOND PLOT column (Restek, USA), connected to a valve coupled with (a) a 12 m MXT-Q BOND column (Restek, USA), followed by a flame ionization detector (FID) to detect ethene, ethane, acetylene, propane, and vinyl chloride and (b) a 30 m Carboxen-1010 PLOT column (Supelco, USA), coupled with a thermal conductivity detector (TCD) for H~2~ detection. Details regarding the GC analysis are provided in [Text S3 in the SI](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c08626/suppl_file/am0c08626_si_001.pdf). All experiments were run in four replicates for a period of 3 weeks. The pressure build-up was measured manually using a frictionless glass syringe (Poulten & Graf Ltd., Germany). The measured amounts of TCE and its reaction products were corrected for overpressure and sampling-induced headspace losses. Internal standard (propane) was used to validate the measured headspace losses. The detailed correction procedure is described elsewhere.^[@ref2]^ The differences between the measured decreases of the internal standard within the vials and the calculated decreases (based on pressure equalization) were negligible. The total concentrations of all analytes were computed from the detected headspace concentrations using the respective Henry's Law constants.^[@ref44]^ The concentration of the dissolved chloride (Cl^--^) after reactivity experiments was analyzed using a 930 IC Flex ion chromatography system (Metrohm, Switzerland). Further information is provided in [Text S3](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c08626/suppl_file/am0c08626_si_001.pdf).

2.6. Calculation of Reaction Rates and Electron Efficiencies {#sec2.6}
------------------------------------------------------------

The observed pseudo-first-order reaction rate constants for TCE removal, *k*~obs~, were calculated using nonlinear regression based on a Levenberg--Marquardt least-squares algorithm with OriginPro 2017 (OriginLab, Northampton, MA, USA). The initial surface-area-normalized rate constant, *k*~SA~, was obtained from the pseudo-first-order TCE degradation rate constant, *k*~TCE~, which was observed in water without headspace, using [eqs [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} and [2](#eq2){ref-type="disp-formula"}.^[@ref45]^where *V*~W~ is the aqueous volume, *V*~g~ the headspace volume, *k*~H~ the dimensionless Henry's law volatility constant, *C* (mg L^--1^) the aqueous phase TCE concentration, α~s~ (m^2^ g^--1^) the surface area of the particles, and ρ~m~ (g L^--1^) the particle dosage. The value of *k*~H~ = 0.33 was calculated for TCE at 22 °C.^[@ref44]^

The electron efficiency, *ε*~e~, describing the selectivity of electrons from Fe^0^ for TCE reduction over iron corrosion (production of H~2~) was calculated using [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}.^[@ref46]^where *n*~*i*~ is the stoichiometry for product *i* (i.e., 8 for ethane, 6 for ethene, and 4 for acetylene), *p*~*i*~ the molar amount of that product, and *p*~H~2~~ the molar amount of H~2~ produced during the TCE dechlorination.

3. Results and Discussion {#sec3}
=========================

3.1. Characteristics and Surface Morphology of Fresh Particles {#sec3.1}
--------------------------------------------------------------

S-nZVI particles were prepared via aqueous--solid synthesis in concentrated nZVI slurries (20% w/w) by treating nZVI particles in sodium sulfide solutions of different concentrations ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). The amount of sulfur deposited on the nZVI surface was calculated based on the sulfide consumption ([Table S1 in the SI](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c08626/suppl_file/am0c08626_si_001.pdf)) and ranged 2.2--62.8 mg of S per g of Fe. The resulting S/Fe ratio was positively associated with the initial sulfide dose, while the efficiency of sulfide incorporation decreased with increasing sulfide addition in the studied range (from ca. 95 to 25%). The inefficient incorporation of sulfur at higher loadings is consistent with the available literature.^[@ref20]^

###### Sulfur Content, Specific Surface Area (SSA), Porosity, and TCE Degradation Kinetics of S-nZVI Particles Used in the Present Study

                                                                                                        TCE removal   
  ------------ ---------- -------------------------------------- -------------------------------------- ------------- --------
  nZVI         0          45.6[b](#t1fn2){ref-type="table-fn"}   33.9[b](#t1fn2){ref-type="table-fn"}   2.06 ± 0.06   0.0617
  0.25S-nZVI   0.22/100   36.7                                   36.0                                   10.6 ± 0.6    0.394
  1S-nZVI      0.94/100   32.4                                   29.4                                   16.4 ± 1.5    0.690
  5S-nZVI      1.95/100   32.7                                   25.9                                   25.3 ± 2.8    1.06
  10S-nZVI     3.19/100   25.0                                   21.2                                   21.8 ± 1.8    1.19
  25S-nZVI     6.29/100   15.5                                   15.4                                   16.4 ± 0.5    1.45

Labeled according to % nominal mass S/Fe ratio used for the synthesis.

After conditioning in DO/DI water.

The XRD patterns of untreated and sulfidated nZVI particles ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A) identified α-Fe^0^ (\>90%), the major crystalline phase, with characteristic 2θ peaks at 52.5° and 99.5°. Magnetite (Fe^2+^Fe^3+^~2~O~4~) and wüstite (FeO) were detected as remaining nonreduced phases.^[@ref39]^ No sulfur-bearing phases were discerned in the pattern due to their low concentration and/or, more probably, their low degree of crystallinity.^[@ref24]^ Several unidentified peaks were present in the XRD pattern of the S-nZVI with the highest sulfur loading.

![(A) XRD patterns for bare nZVI and S-nZVI particles of varying S/Fe mass ratios. (B) Size distributions of bare nZVI and S-nZVI of varying S/Fe mass ratios. (C) XPS S 2p narrow region spectra of sulfidated nZVI with a S/Fe mass ratio 0.0195. XPS peak assignments were based on values summarized by Descostes et al. and Mullet et al.^[@ref50],[@ref51]^ (D) ^57^Fe Mössbauer spectrum of sulfidated nZVI at a S/Fe mass ratio of 0.0195 measured at 150 K.](am0c08626_0001){#fig1}

The particle size distribution and agglomeration were analyzed using disc centrifugal sedimentation ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B). The detected size distribution profile by weight showed two maxima, one corresponding to individual particles (40--120 nm) and the other to particle agglomerates (900--1400 nm). The size of individual particles was similar in all synthesized materials (see below), while its relative contribution was higher for bare nZVI. Nevertheless, in both nZVI and all S-nZVI materials, the dominant particle diameter corresponded to agglomerates (by weight). The typical agglomerate size was similar among bare nZVI and S-nZVI with sulfur content up to S/Fe 0.0319 (900--1100 nm). At a S/Fe mass ratio of 0.0629, the particles formed larger agglomerates (1200--1400 nm). This larger agglomerate size likely stems from the tendency of excessive FeS/FeOH*~x~* flakes to form networks that bind individual particles together.^[@ref19]^

Agglomerate hydrodynamic diameters obtained with dynamic light scattering were roughly double, which can be attributed to increased S-nZVI particle agglomeration in solutions of higher ionic strength, i.e., 100 mM NaHCO~3~^[@ref47]^ ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c08626/suppl_file/am0c08626_si_001.pdf)). The zeta-potential of bare nZVI particles was −18.3 mV and gradually decreased to −28 mV with an increasing S/Fe ratio ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c08626/suppl_file/am0c08626_si_001.pdf)). This trend was observed previously for nZVI particles treated with dithionite.^[@ref47]^ The lower zeta-potential of S-nZVI particles infers on their better colloidal stability compared with bare nZVI at a slightly basic pH that frequently occurs in natural waters. Indeed, the better colloidal stability of S-nZVI particles during aging was found in our previous study.^[@ref48]^ It is likely that, even though sulfidation may increase the agglomerate size of fresh particles due to FeS bridging during particle synthesis, sulfidation improves the stability of particle agglomerates in the long term.

The morphology of the nZVI and S-nZVI particles was studied using TEM. Nanoscale ZVI particles, which were conditioned in DO/DI water without the addition of sulfide, had an irregular spherical shape, with an average particle size between 40 and 120 nm and an average thickness of the iron (oxyhydr)oxide shell of 3.9 nm ([Figures S1A, S2A, and S3A](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c08626/suppl_file/am0c08626_si_001.pdf)). A similar morphology was observed for S-nZVI particles with a S/Fe mass ratio of 0.0195 ([Figure S1B](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c08626/suppl_file/am0c08626_si_001.pdf)). At the highest sulfide dose (S/Fe mass ratio of 0.0629), the S-nZVI particles formed larger agglomerates ([Figure S1C](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c08626/suppl_file/am0c08626_si_001.pdf)), but the average size of individual particles did not change substantially ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c08626/suppl_file/am0c08626_si_001.pdf)). The average shell thickness of S-nZVI particle shells ranged 6.1--9.7 nm ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c08626/suppl_file/am0c08626_si_001.pdf)). This is comparable with a previous study where S-nZVI particles with a theoretical S/Fe mass ratio 0.13 developed a 5 nm thick FeS shell.^[@ref49]^ Although the shell thickness was not perfectly uniform for all particles of the same type, its mean value was associated with an increasing sulfide dose.

The BET specific surface area (SSA) and pore characteristics of the nZVI and S-nZVI sulfidated with different sulfide levels are shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The SSA of original nZVI particles was approximately 20--25 m^2^ g^--1[@ref39],[@ref52]^ and increased after conditioning in DO/DI water for the same duration as used for sulfidation to 45.6 m^2^ g^--1^. This is likely due to the formation of a thin layer of iron corrosion products on the particles, which increase their surface roughness.^[@ref53]^ S-nZVI particles exhibited lower specific surface areas (15.5--36.7 m^2^ g^--1^) and also lower pore surface areas (except the particles with the lowest degree of sulfidation). Pore size distribution peaked at 38 Å for all particles ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c08626/suppl_file/am0c08626_si_001.pdf)). A decreasing trend in SSA was observed for particles with an increasing sulfide dose, except for particles with S/Fe ratios of 0.0094 and 0.0195, which exhibited similar SSAs. The observed trend may be explained by one or a combination of several of the following aspects: (i) limited iron corrosion in an aqueous environment ([Figures S1 D--F](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c08626/suppl_file/am0c08626_si_001.pdf)) and thus slower formation of iron (oxyhydr)oxide flakes in sulfidated nZVI; (ii) coverage of the nZVI surface by layered FeS ([Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A, [2](#fig2){ref-type="fig"}B), leading to a decrease in the surface roughness, e.g., by pore clogging;^[@ref54]^ and (iii) increased agglomeration of particles in the sulfide environment.^[@ref19]^ Since the measured particle agglomerate diameter of the S-nZVI sulfidated up to S/Fe mass ratio of 0.0319 was similar to the particle agglomerate diameter of bare nZVI, the decreased surface area for lower and intermediate sulfide doses seems to be a result of the reduced iron corrosion and/or decreased surface roughness. In case of the S-nZVI sulfidated with the highest sulfide dose, an increase in the particle agglomerate size was observed (by both the disc centrifuge and TEM). For this material, the agglomeration is likely a major factor influencing the decrease in surface area.

![(A) TEM image of a S-nZVI particle with a S/Fe mass ratio 0.0195. (B) HRTEM (high-resolution transmission electron microscopy) detail on the sulfide shell structure of a S-nZVI particle with a S/Fe mass ratio of 0.0094. The lattice spacing in areas 1 and 2 was calculated by fast Fourier transformation. (C--H) Overlay of Fe-S and Fe-S-O high-resolution EDS mapping of nanoscale zero-valent iron particles sulfidated with the following S/Fe ratios: 0.0094 (C and F), 0.0195 (D and G), and 0.0629 (E and H). Arrows indicate the average thickness of the particle FeS shell.](am0c08626_0002){#fig2}

The Fe/FeS core--shell structure, typical for S-nZVI prepared using the two-step synthesis approach at lower sulfur doses and/or short sulfidation duration,^[@ref24]^ was clearly visible on high-resolution transmission electron microscopy (HRTEM) ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). The shell consisted mostly of amorphous FeS sheets, which contained several semiordered atomic layers ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B). The d-spacing between these layers was around 5.3--5.4 Å, slightly larger compared with the d (001) of crystalline mackinawite (5.03 Å). The characteristics of the sulfide shell agree with previous studies that identified amorphous iron sulfide sheets with a mackinawite-like structure as the primary FeS precipitates.^[@ref27],[@ref49],[@ref55],[@ref56]^

An EDS analysis of bare nZVI particles showed major bands only for iron and oxygen ([Figure S5A](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c08626/suppl_file/am0c08626_si_001.pdf)), while S-nZVI particles contained also sulfur and sodium, whose abundance increased at higher sulfide doses ([Figures S5B and C](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c08626/suppl_file/am0c08626_si_001.pdf)). The elemental distribution in the synthesized material was further investigated using single-particle high-resolution EDS elemental mapping. This confirmed the presence of a 5--10 nm thick sulfidic shell ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} C--H). Elemental mapping also indicated that the sulfidic shell was associated with an oxygen-rich layer. Sodium was detected as well in the shell region in particles with a S/Fe mass ratio 0.0195 or higher. More HRTEM images are provided in the [SI (Figures S6--S8)](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c08626/suppl_file/am0c08626_si_001.pdf).

Additional data on the abundance and speciation of sulfur were obtained by XPS. The survey scans quantification showed that both sulfur and sodium abundance correlated to the applied sulfide dose ([Table S3](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c08626/suppl_file/am0c08626_si_001.pdf)). The S 2p narrow spectra were fitted with S 2p~3/2~ and S 2p~1/2~ spin--orbit doublets separated by 1.18 eV with an intensity ratio of 2:1. Sulfur in the surface layer is predominantly present as sulfide (S^2--^), with a lower contribution of disulfide (S~2~^2--^). ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C). The sulfur speciation was consistent in all samples of varying sulfide doses, with only slight differences in the relative abundance of S^2--^ and S~2~^2--^ species. These findings are in agreement with the proposed structure of sulfidated nZVI having poorly ordered FeS as the dominant phases formed upon sulfidation.^[@ref24]^

To get a deeper insight into the chemical nature of iron species upon sulfidation, the low-temperature ^57^Fe Mössbauer spectroscopy on S-nZVI with a S/Fe ratio of 0.0195 was employed ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}D). The Mössbauer spectrum was deconvoluted into three sextet spectral components and one singlet component, with the derived values of the hyperfine Mössbauer parameters listed in [Table S4](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c08626/suppl_file/am0c08626_si_001.pdf). A dominant sextet spectral component represented zero-valent iron, which is present in the core of the synthesized nanoparticles. On the basis of the hyperfine Mössbauer parameters, the other two sextet components represented magnetite, a product of zero-valeniron oxidation^[@ref43]^ and remaining nonreduced phase. The last singlet component in the spectrum reflected the presence of low-spin Fe(II) occupying the tetrahedral sites in a FeS system, which can be described as mackinawite-like.^[@ref51],[@ref57],[@ref58]^

The formation of a FeS phase upon sulfidation (at a S/Fe mass ratio of 0.0195) was further confirmed by geochemical modeling. Before the nZVI addition, the Na~2~S solution pH was 12.99 and Eh was −430 mV. After the addition of nZVI, the pH changed only slightly to 12.9 and then decreased to 12.6 after 26 h ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c08626/suppl_file/am0c08626_si_001.pdf)). Eh dropped to −830 mV and then slightly increased to −820 mV at the end of the experiment. Respective calculated saturation indices for amorphous FeS (ppt), mackinawite (FeS), and pyrite (FeS~2~) changed from 4.18, 4.91, and 2.27 at the beginning of sulfidation to 3.69, 4.41, and 1.42 at the end ([Table S5](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c08626/suppl_file/am0c08626_si_001.pdf)). The Eh--pH diagrams for the Fe-S-H~2~O system are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}.

![Eh--pH diagrams for the Fe-S-H~2~O system at 25 °C with amorphous (A) FeS and (B) mackinawite phases shown. The total Fe is 6 × 10^--5^ mol L^--1^, and the total S is 2 × 10^--1^ mol L^--1^. Blue and yellow fields represent dissolved species and mineral phases, respectively. Mackinawite is supressed in (A) and FeS (ppt) is supressed in (B). Hematite and pyrite are supressed in both diagrams. Dotted lines and numbers indicate speciation fields of S: 1 HSO~4~^--^, 2 SO~4~^2--^, 3 rhombic S^0^, 4 H~2~S (aq), and 5 HS^--^. The position of the measured data is indicated by a rectangle at the bottom right.](am0c08626_0003){#fig3}

Well-crystalline hematite and pyrite were supressed in the diagram, but magnetite, with mixed Fe valence, was retained because its formation has been reported in the literature.^[@ref59]^ Sulfur speciation identified dissolved HS^--^ ions as the dominant sulfur species, suggesting negligible H~2~S volatilization. The measured data are in the field of solid amorphous FeS (ppt) and crystalline mackinawite, suggesting favorable conditions for the formation of 1:1 ferrous sulfide with the composition of mackinawite. While the formation of fresh crystalline mackinawite is favored over amorphous FeS (ppt) thermodynamically (i.e., mackinawite has a higher saturation index), available laboratory data from FeS precipitation experiments and field data from a reducing lake and estuarine and marine sediments indicate that the formation of crystalline mackinawite is inhibited, and it is formed only later by the recrystallization of amorphous and poorly crystalline FeS phases.^[@ref49],[@ref55],[@ref56],[@ref60],[@ref61]^ In this study, crystalline mackinawite has been observed in the XRD patterns of S-nZVI particles with high sulfur doses after the reactivity experiments (see [section [3.4](#sec3.4){ref-type="other"}](#sec3.4){ref-type="other"}), corroborating the gradual crystallization of iron sulfides in time.

3.2. S-nZVI Reactivity and Selectivity toward TCE Removal {#sec3.2}
---------------------------------------------------------

All S-nZVI particles degraded TCE much faster compared with the untreated nZVI ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A). Nearly 100% TCE dechlorination was achieved for all sulfur-treated materials within the 3-week experiment, while the untreated nZVI degraded only about 60% of TCE during the same period. As the S/Fe mass ratio increased from 0 to 0.0195 (mole S/Fe ratio of 0.034), the TCE removal rate increased ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). The S/Fe mass ratios greater than 0.0195 resulted in decreased TCE removal rates. The existence of an optimal S/Fe ratio for TCE removal was previously observed.^[@ref22],[@ref49]^ The kinetics of TCE reduction was well described by a first-order rate law.^[@ref20]^ The observed pseudo-first-order rate constant (*k*~obs~) of the best performing S-nZVI was approximately 12-fold higher than for the untreated nZVI. Similarly, an 8- to 45-fold increase in the TCE removal rate has been reported for various nZVI systems after sulfidation.^[@ref20],[@ref22],[@ref23],[@ref26],[@ref32],[@ref62]^ The surface-area-normalized reaction constants (*k*~SA~) for TCE degradation were positively associated with the S/Fe ratio ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}), while the surface area decreased with an increasing sulfide dose. Thus, the optimal S/Fe ratio represents the best compromise between sulfur coverage and surface area. The FeS shell thickness correlated with *k*~SA~ values ([Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c08626/suppl_file/am0c08626_si_001.pdf)), but as the sulfidation negatively impacted the particle surface area, the *k*~obs~ reached an optimal value at a shell thickness of about 7.3 nm.

![TCE dechlorination by pristine nZVI and sulfide-treated nZVI with varying S/Fe ratios: (A) TCE removal, (B) hydrogen production, (C) distribution of primary products after 1 day of reaction, and (D) schematic of the proposed mechanism of TCE dechlorination and hydrogen evolution. The reactions were carried out at an initial TCE concentration of 20 mg L^--1^ and a particle dose of 1 g L^--1^ with respect to the iron content without pH adjustment. Whiskers indicate the standard deviation (SD).](am0c08626_0004){#fig4}

Sulfidation had a considerably different effect on the hydrogen production at various S/Fe ratios. At the lowest sulfur dosing (S/Fe mass ratio of 0.0022), hydrogen evolved faster compared with pristine nZVI ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B). Nonetheless, at a higher sulfur dosing, the hydrogen evolution was suppressed, as evidenced by earlier findings.^[@ref18],[@ref20],[@ref22],[@ref23]^ This is likely a result of the complete particle surface coverage with a protective FeS film. Several mechanisms of hydrogen evolution suppression by a FeS shell have been described: (i) FeS is more hydrophobic than iron (oxyhydr)oxides and thus interacts less with water;^[@ref62]^ (ii) a FeS shell increases the particle open circuit potential, which slows down the reaction with H^+^;^[@ref20]^ and, concurrently, (iii) the particle coverage with FeS blocks the sites for hydrogen adsorption.^[@ref63],[@ref64]^ Interestingly, the hydrogen production rate exhibited a minimum at intermediate sulfur loadings (S/Fe mass ratios of 0.0094--0.0195), while at S/Fe mass ratios of 0.0319 and 0.0629 more hydrogen was produced. This could be due to the disintegration of a thick FeS layer and the formation of secondary precipitates.^[@ref24]^ This corroborates previous findings that sulfur dosing and sulfidation time influence the iron core corrosion rate.^[@ref20],[@ref24]^

Electron efficiencies were calculated based on the detected levels of C~2~ hydrocarbons (ethane, ethane, and acetylene) that constitute the main TCE dechlorination products.^[@ref18],[@ref20],[@ref23]^ Higher electron efficiencies were observed for S-nZVI particles in the course of the TCE dechlorination reaction compared with pristine nZVI ([Table S6](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c08626/suppl_file/am0c08626_si_001.pdf)). While bare nZVI exhibited a 3.4% electron efficiency within 3 days of the reaction, the efficiency of S-nZVI particles with S/Fe ratios of 0.0094 and 0.0195 reached 26.4 and 22.9%, respectively, i.e., a 7-fold increase in selectivity. A substantial increase in the nZVI electron selectivity toward TCE removal after sulfidation was observed previously, especially at high TCE/Fe ratios.^[@ref18],[@ref20],[@ref32],[@ref62]^ Electron efficiencies varied during the experiment due to (i) a gradual cease of hydrogen evolution by S-nZVI particles after several days of reaction^[@ref18]^ and (ii) the exhaustion of TCE present in the reaction mixture. The highest difference in electron efficiencies throughout the experiment was observed for S-nZVI particles with the lowest sulfur dosing due to increased hydrogen production after 3 days of reaction.

A small residual amount of aqueous sulfide was present during the TCE degradation experiments discussed above, which originates from the incomplete sulfur incorporation into the shell of ZVI nanoparticles during sulfidation. In order to provide a conservative estimate of the potential TCE reduction by the residual dissolved sulfide, nominal concentrations of Na~2~S added to the best performing S-nZVI particles were evaluated for TCE removal ([Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c08626/suppl_file/am0c08626_si_001.pdf)). No decrease in the TCE concentration was detected within 3 weeks, confirming that dissolved sulfide does not degrade TCE.^[@ref22]^

3.3. Distribution of TCE Dechlorination Products and Reaction Mechanism {#sec3.3}
-----------------------------------------------------------------------

Ethene, ethane, and acetylene were the main products of TCE dechlorination ([Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c08626/suppl_file/am0c08626_si_001.pdf)), while no less-chlorinated intermediates (i.e., dichloroethene isomers and vinyl chloride) were detected, which agrees with previous reports on TCE dechlorination using S-nZVI systems.^[@ref18],[@ref20],[@ref23],[@ref32]^ This product pattern is consistent with the reductive β-elimination pathway.^[@ref18],[@ref20],[@ref23],[@ref65],[@ref66]^ Elevated amounts of acetylene were produced by S-nZVI ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C). Acetylene was further hydrogenated to ethane and ethene over the course of the experiments ([Figures S12C and S13](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c08626/suppl_file/am0c08626_si_001.pdf)). This change in the product distribution results from slower acetylene hydrogenation on the FeS surface compared with bare ZVI and/or its slower generation by bare ZVI.^[@ref20],[@ref23],[@ref32]^ The observed carbon balance for all materials was within the range of 52.6--71.6% ([Table S7](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c08626/suppl_file/am0c08626_si_001.pdf)). The relatively poor carbon balance stems from the formation of heavier hydrocarbons as a result of acetylene coupling reactions on ZVI or iron sulfide-based materials.^[@ref23],[@ref65],[@ref67],[@ref68]^

Due to the incomplete carbon balance, the chlorine balance was calculated as an independent measure to check for possible TCE losses ([Figure S14](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c08626/suppl_file/am0c08626_si_001.pdf)). The amount of total chlorine present in the reactors either incorporated in the TCE molecules or in a dissolved ionic form (Cl^--^) at the end of the experiment was remarkably close to the initial amount injected as TCE for all the tested materials. At the end of all S-nZVI experiments, chlorine was almost entirely present as Cl^--^ ions (\>95%), while TCE was almost completely degraded. The residual presence of low levels of TCE at the end of the experiment is due to TCE partitioning to the headspace where degradation does not occur. In the samples of bare nZVI, 58% of the chlorine was converted to Cl^--^, while 36% of the chlorine was still present as residual TCE. The almost 100% chlorine balance further confirms that no significant amounts of chlorinated transformation products were formed during the reaction of TCE with the tested materials, and losses due to leakage and sorption to particles were negligible.

The mechanisms driving the increased reactivity and selectivity of TCE removal using S-nZVI materials have been investigated in several studies. A schematic of the proposed mechanism is shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D. Iron sulfide has a lower resistance for electron transfer compared with iron (oxyhydr)oxides that occur on the nZVI surface,^[@ref18],[@ref20],[@ref22],[@ref62]^ which promotes electron-mediated reactions such as β-elimination. Moreover, a FeS shell is more hydrophobic,^[@ref62]^ thus it favors the sorption of organic contaminants and, at the same time, hinders interaction with hydrogen. The reaction with hydrogen is further reduced by blocking H adsorption sites with sulfur.^[@ref63],[@ref64]^ These features of the FeS layer result in substantially higher electron efficiencies.^[@ref18],[@ref20],[@ref32]^ The increased surface availability of electrons to the detriment of hydrogen atoms triggers elevated acetylene formation.^[@ref20],[@ref62]^

3.4. Characteristics of nZVI Particles after Reactivity Experiments with TCE {#sec3.4}
----------------------------------------------------------------------------

The different effect of sulfidation on iron corrosion at various S/Fe ratios was detected through the XRD patterns of reacted particles. While the bare nZVI particles contained a crystalline fraction of α-Fe^0^ as low as 29 wt % after the 3-week experiment, the particles with S/Fe mass ratios of 0.0094--0.0629 contained much higher crystalline fractions of α-Fe^0^ (\>71 wt %) ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A). Conversely, particles with the lowest sulfur dosing (S/Fe mass ratios of 0.0022) contained a lower crystalline fraction of α-Fe^0^ (16 wt %). These findings agree with the hydrogen evolution rates (see [section [3.2](#sec3.2){ref-type="other"}](#sec3.2){ref-type="other"}). The higher stability of S-nZVI particles during aging was also observed in our previous study.^[@ref48]^ The iron corrosion products detected using XRD were typically amakinite (Fe(OH)~2~), magnetite, and fougèrite (\[Fe^2+^~4~Fe^3+^~2~(OH)~12~\]\[CO~3~\]·3H~2~O), a green rust mineral. In the two S-nZVI particle types with the highest sulfur doses, a broad 2θ peak at 19° corresponding to crystalline mackinawite was detected. Freshly prepared amorphous iron sulfide gradually converts to more crystalline phases,^[@ref27],[@ref56]^ which explains why this phase was not discerned in the XRD pattern of freshly prepared particles.

![Characteristics of nZVI particles after the TCE degradation experiment: (A) XRD patterns for bare nZVI and S-nZVI particles of varying S/Fe mass ratios and (B) XPS S 2p narrow region spectrum of S-nZVI particles with a S/Fe ratio of 0.0195. Peak assignments were based on values summarized by Descostes et al. and Mullet et al.^[@ref50],[@ref51]^](am0c08626_0005){#fig5}

The slow oxidation of S-nZVI with S/Fe mass ratios of ≥ 0.0094 is corroborated by TEM images of particles after reactivity experiments. Distinct sheets of iron (oxyhydr)oxides, which result from iron oxidation, are apparent in the TEM micrographs of bare nZVI after the reaction ([Figures S1D](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c08626/suppl_file/am0c08626_si_001.pdf)), while their prevalence for S-nZVI particles is lower ([Figures S1E and F](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c08626/suppl_file/am0c08626_si_001.pdf), respectively). Altogether, S-nZVI particles with S/Fe mass ratios in the range of 0.0094--0.0629 showed substantially higher longevity compared with bare nZVI.

The S speciation in the FeS shell was practically unaffected by aging. The XPS S 2p spectra show only a slight shift toward more oxidized forms between freshly synthesized and reacted particles (i.e., a decrease in the S^2--^ and an increase in the S^0^ content) ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B). This agrees with a recent study where the FeS shell remained intact even after 180 days of particle aging in artificial groundwater,^[@ref49]^ while partial disruption of FeS shell after 60 days of aging was observed in our previous study.^[@ref48]^ Apparently, FeS shell is resistant to chemical oxidation but is prone to mechanical damage.^[@ref22]^

4. Conclusions {#sec4}
==============

This study investigates a new synthesis approach to produce sulfidated nZVI particles with controlled reactivity and selectivity toward TCE removal. Commercially available nZVI prepared by the thermal reduction of iron (oxyhydr)oxide precursors in a H~2~ atmosphere treated in a concentrated slurry with Na~2~S solutions resulted in S-nZVI particles with a core--shell character encompassing a metallic iron core and a laminar shell layer of a poorly ordered FeS phase with a mackinawite-like structure. The thickness of the FeS shell was not perfectly uniform but increased on average with increasing sulfur loadings. The average FeS shell thickness correlated with surface-area-normalized TCE removal constants. However, due to the negative effect of sulfidation on the surface area, the optimal average thickness of the FeS shell characterized by the highest TCE removal rate per mass of particles was found to be about 7.3 nm. An increased TCE removal rate by a factor of up to a 12 and a 7-fold increase in the electron efficiency compared with bare nZVI particles were observed at this FeS shell thickness, corresponding to the S/Fe mass ratio of 0.0195 (mole ratio 0.034). The XRD patterns and TEM images of fresh and reacted particles showed an increase in the stability of S-nZVI toward corrosion in water, leading to an increased selectivity of TCE removal, except for very low sulfur loadings. S-nZVI was found to degrade TCE by the β-elimination pathway, with ethene, ethane, and acetylene being the dominant reaction products. The less-chlorinated intermediates (i.e., dichloroethene isomers and vinyl chloride) were not detected. The proposed S-nZVI synthesis is more cost-efficient at a large-scale compared with the conventional synthesis using borohydride as the reducing agent. While the mere production costs of nZVI~BH~ are estimated to be over \$200 kg^--1^, the market price of nZVI~H2~ is only about \$130 kg^--1^. Moreover, concentrated slurries (20% w/w) suitable for off-site production and without hazardous boron species can be prepared. S-nZVI particles synthesized using the proposed approach thus represent a very promising remedy for TCE groundwater pollution.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsami.0c08626](https://pubs.acs.org/doi/10.1021/acsami.0c08626?goto=supporting-info).Additional details on chemicals and materials, sample preparation, and analytical methods; concentrations of dissolved sulfide before and after sulfidation; DLS hydrodynamic diameter and zeta-potential; TEM images of samples; particle size and shell thickness distributions; pore surface area and pore size distributions; EDS analysis and STEM-XEDS elemental mappings; XPS surface element quantifications; Mössbauer hyperfine parameters; pH and Eh evolution; FeS~*x*~ saturation indices; relationship between TCE removal kinetic constants and average S-nZVI particle FeS shell thickness; electron efficiencies; TCE evolution in control samples; evolution of TCE major dechlorination products and their distribution; and carbon and chlorine balance ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c08626/suppl_file/am0c08626_si_001.pdf))
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